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A method developed in terms of the SU(2) Lie algebra for the treatment

of many-level acoms is now modified to treat the system of many two-level

atoms interact.ai, wir-1hi a cavity field. Special attention is given to field

squeezing up to fourth order. The effects of the number of atoms and detuning

on the squeezing are investigated numerically for various initial field

intensities. It is found that the atomic cooperation effect on the squeezing

.s closely related to the initial field excitation. When the initial

excitation is strong, the cooperation enhances the squeezing, while in the

case of weak excitation, it weakens the squeezing. The possibility of

constructing many-atom micromasers is suggested.
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I. Introduction

In the squeezed state, a quadrature of the electric field can have

smaller quantum fluctuation than in the coherent state. The potential

application of such squeezed light in low-noise communications and high-

precision measurements has prompted a great deal of research in recent years.

By squeezing one usually means that the mean square deviation of a

certain quadrature of the field is smaller than its corresponding value when

,,e fild i. i , Lhm uutLea, .zate. It has recently been generalized by Hong

2
and Mandel, who introduced the concept of higher-order squeezing and

demonstrated its existence in such processes as degenerate parametric down
3

conversion, resonance fluorescence and harmonic generation. In some cases,

the higher-order squeezing may even be stronger than the ordinary second-orde-

squeezing. In fact, the existence of fourth-order squeezing phenomena has

been confirmed in theoretical studies of the single-photon and multiphoton

45
Jaynes-Cummings (JC) model, and in the anharmonic field.

5

Even more interesting is the fact that in the multiphoton JC model there

3
exists intrinsic higher-order squeezing. Thus, higher-order squeezing has

physical meaning and is not just a mathematical concept. As experimental

techniques for measuring higher-order correlations in quantur --'tr's Are

developing, it Lgnificant to discuss high-order moments of the radiation

field and the possibility of reduced fluctuation. It is expected from such

discussions that higher-order correlation measurements may lead to the

possibility of extracting the information more effectively from an optical

signal.

6
The realization of the one-atom maser makes it possible to observe

predictions of the JC-model. One of the key factors that helps keep the

micromaser in continuous operation is its ability to achieve the highest



possible R'bi frequency of the atom in the optical cavity. This is because

faster Rabi oscillations allow more rapid energy exchange of photons between

the atom and the cavity field. The Rabi frequency can be increased by

increasing the number of interacting atoms with the cavity field. 7  In a

micromaser, it is a relatively simple matter to adjust the current intensity

of the atomic beam. When the beam intensity is sufficiently strong, there

will be a bunch of atoms interacting simultaneously with the cavity field. It

is therefore interesting to study an N-atom system interacting with a cavity

field.

As the zutput power zf a micromaser increases with increasing number of

atoms, it appears that the many-ati:m microwaser is more attractive than the

one-atom maser fir practical purposes. If the mean interparticle distance is

much smaller than the wave length of the cavity field, the system may be well-

8
described by the Dicke model. A study of the many-atom micromaser on the

basis of this model is being carried out and will be published in the near

future. It is hoped that such studies will induce the interest of

experimentalists to develop many-atom micromasers as a powerful tool for the

investigation of nonclassical phenomena of the cavity field.

Radiation processes from a system of many two-level atoms in a damped

cavity have been examined recently for different initial conditions.
9

Collective effects on such properties as the atomic inversion, mean photon

number and spontaneous emission caused by the presence of many atoms are

explored. The purpose of this paper is to investigate how the atomic number

and the strength of the coherent initial field influence fourth-order as well

as second-order squeezing of the field, although second-order squeezing in the

Dicke model has been briefly discussed.
10



la Sec. II, 4e develop the theory in terms of the SU(2) Lie algebra.

Numerical results are presented and discussed in Secs. III and IV. Finally, a

brief discussion is given in Section V.

II. Theory

We consider a system cortsisting of a single-mode cavity field

interacting with N atoms, each of which has two nondegenerate levels 1+> and

I-> with corresponding energies w + and wo. Every atom iq assumed to

interact with the field of frequency Q through a dipole transition only. ru:

simplicity, we also assume that the mean interatomic distance is much smaller

than the wavelength of the cavity field, so that all the atoms see exactly the

same field. On the other nand, the atoms are still well separated such that

their wave functions do not overlap and they see each other only through the

coupling with the carity field. Furthermore, we consider only single valence

electron transitions in every atom. This means that the atoms can be treated

as fermions.

The total Hamiltonian of our system can be written as

H ]Kw Aw A + ((ata + IA(AA a + AtA+at
a a a + -+

where we have defined

N

AtA - At(i)A (i) (2a)

i-i1



5

N

AtA = At(i)A (i) (2b)

i=l

N

AtA+ = A"(i)A+(i) (2c)

The operator A t (A ) creates (annihilates) an atom in the a-level, and ia a

labels the atom. These operators obey the anti-commutation relation

A (i),A (J)+ ij = (3)

We now define, for convenience, the operators

N = AtA (4d)
a aa

Dt = AtA (4b)

D-A'A (4c)

It is a simple matter to verify that the operators defined in (4) satisfy the

following commutators:

[N ,D] - -Dt  (5a)

[N+ ,DtI - D t  
(5b)

[D,Dt] - N - N+ (5c)



Equations (5) characterize the U(2) Lie algebra. The first-rank Casimir

operator of this algebra is just the total number operator of atoms

N - N + N . (6)

It is easily seen that [N,HJ - 0, i.e., the total number of atoms is a

conserved quantity. Thus the operators N -N , D t and D defined in (4)+ -

constitute the SU(2) algebra.

Since N is conserved, it may be regarded as a constant in H. Therefore,

the Hamiiconian H is practically composed of the SU(2) Lie algebra operators

and photon operators. Consequently, if the wave function of the N-atom system

belongs to a certain irreducible representation initially, it must remain in

that same irreducible representation.

In the present paper, we limit our discussion to the case in which all

the N atoms are initially in upper states. The atomic wave function

corresponding to this case belongs to the full symmetry represe-tation of

SU(2), and the state of the atomic system remains in this irreducible

representation all the time. The Hilbert space of SU(2) full symmetry

representation can be defined by the basis vectors in+,n_> which represent

states with n+ atoms in the upper level and n atoms in the lower level. Thus

N+In+,n_> - n+ln+,n_> (7a)

NJn,n > - nln+,n-> (7b)

N - n + n . (7c)+



In the space of this SU(2) full symmetry representation, the normalized state

vector with an arbitrary number of atoms in the upper level can be derived, as

is shown in the Appendix, from the initial state IN,0>. The result is

I-~m (N-m)!
1N-m,m> - / N!m! IN,0> 0 < m < N (8)

It can easily be verified that the system does not change its energy with

interchange of any pair of atoms in the state.

We now introduce the total excitation operator

=1 N + a* a , (9)

which commutes with the Hamiltonian and hcnce represents a conserved quantity.

If initially the atoms are in the state IN,O> and the field is in Ir>, then at

any time t > 0 the atom-field system can only be found in a state in chat part

L _ .- cp-- -e :---ed "i

I N-m,m>ln+m> (10)

Any arbitrary state in this subspace is characterized by the same eigenvalue

N+n of the operator n Hence the Hilbert space can be divided into

subspaces according to the total excitation number. All the state vectors in

each subspace correspond to the same eigenvalue of . Consequently, the

Hamiltonian operator can never connect states from different subspaces, and we

can diagonalize the Hamiltonian in each subspace.

In the subspace defined by the total excitation number N+n, an arbitrary

state Inn> can be expressed as



N

n nm
-

where the expansion coefficients C satisfy the stationary-state Schrodinzer
rim

equation

(H mm, + H - ES mm,) Cmm 0 12)
m' =0

The matrix elements in 'E. 12) are given bv

H -N] (N+n)W( - (N-m)KA] 13)
mm -13

H - VAI(n+m+)(N-m)(m+L) 6

+ VW v'(n+m'+1)(N-m')(m'+1) 6 m, '+l14)

where the detuning parameter is defined by

A - a - (W+ - ) 15)

The solution of Eq. (12) provides us with energy cigenvectors and

corresponding eigenvalues

HIOno n no 

(6)



N

," - > n+m 17)

.'nere ' labeLs the eigen-vectors in this particular subspace. The

-rthonormaliLv relation s given by

C , C 18)
L nm nm - o aa

M-O

" :s important to note that if initially/ the atomic systen i in a state

,NO> and the field in a lineariv superimposed Fock state, then at any time t

c) the atom-field system can only be found in one of the subspaces with the

total excitaiton N, N+1 .. ,N+n,... This can be summarized by the

completeness condition

i' [ 19)

n-q C-1

The equation of motion for the matrix element of the density matrix can

be obtained from making use of (17) and (19), namely,

a (t) - - - En, ,)p ,20)
at p no,n'a' no n Pno,.,' '

The solution of (20) can be put in the form

i
(E -E, )t

p(t) -p '(0) n (21)
no,n'a'" no,n '



where the initial density matrix elements is given by

'-1I.-'
I (0) = p n , 22)

-l

Here, C is the inverse matrix of the transformation defined in '11). nd

n , is the initial densitv matrix element of the field in the photon number

representation.

Now the expectation value of any function G(aia) can be calculated -D

means of the density matrix in the usual manner, namely

<G> TrG = Pno,n',,(t) <0nic IG(a4a)10na>

n a

To study the squeezing of the field, we introduce as usual the slowly -varvin

complex amplitudes of the cavity field,

I int 4. -intd =2ae + ae ] , 24a
1 2L

d = 2iae -ae 24b

These operators satisfy the commutation relation

i 25)[d1'd2] - 2

which implies the uncertainty relation

<(ad) > <(Ad 2 )2 > 2 1 (26)



Th- electromagnetic field is sque'zed to second order if <(Ad1 )2> < or

<\Ad,)2> < 1

As we have mentioned above, the concept of squeezing has been

2
generalized to K-uh order where K is limited 1o an even number" that is, the

field is squeezed to K-th order if

K K
<(Ad )K> < (K-1)!!/2 (27)1(d,2

In particular, the fourth-order variance is given by

4 3 2 2 4
<(Ad.) > - <d.> - 4-1><d. > + 6<di><d.> - 3<d.> (28)

4 ' 4 3and fourth-order squeezing oce'urs whenever <(d) > < or <(Ad2 ) >

III. Second-order squeezing

Throughout this paper, w! take 1/A as the unit of time and set I - in

our numerical work. For the initial condition, we have assume., in the above

derivation that all atoms are in their upper stat-s. We now assume further

that the field is in the coherent state at t - 0. Thus

nP *n -
- z z e-n

nn' -n !n'! 29)

where n - Izi is the initial mean photon number. For simplicity, we choose z

to be real in this paper.

The mean square deviation of d is computed as a function of time for

different values of n and A, the detuning parameter. For the case of



12

2-
resonance interaction, we have actually calculated <(Adl)> for n - 5, 15, 25

and 35, and the results for n = 5 and 35 are plotted in Fig. 1. We observe

that the squeezing becomes shallow as the number of atoms increases for n - 5

or for weak excitations. When N - 20, the squeezing disappears completely, as

is clearly seen in Fig. l(a). The situation is very different for stronger

excitations. For n > 15, we find that the maximum squeezing increases with

increasing N after the field changes for the first time from the coherent

state to the squeezing state. This is illustrated, as an example, in Fig.

1(b) for n - 35. Therefore, the influence of the atomic cooperative effect on

second-order squeezing after the interaction is switched on is quite closely

related to the initial intensity of the cavity field.

2
In Fig. 2, we plot the time evolution of <(Ad1 ) > for various n and N =

10. It is seen that during the first two squeezing periods, smaller n

corresponds to deeper squeezing of the field. However, the opposite is true

during the third squeezing period, and the squeezing deepens with increasing

n, although the strongest squeezing occurs in the second period. Thus the

squeezing can not be increased arbitrarily by increasing the initial field

intensity, even though it is possible to cause the field to return to the

squeezing state more times.

The long-time behavior of <(Ad1 ) 2> is shown in Fig. 3 for one-atom and

two-atom systems. We find that in the one-atom case the squeezing effect can

be very strong at a much later time. As a matter of fact, it has been shown1 1

that the squeezing increases with increasing n. In the two-atom case,

however, the field enters the saueezed state only briefly at a time shortly

after the interaction with the atom takes place. Thus the cooperation among

atoms changes the field squeezing property indeed. It is worth pointing out

that although the second-order squeezing has been calculated in Ref. 8 with
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the same model, no discussion of the long-time behavior or the effect due to

the number of atoms was given in that work.

We have also investigated the relation between the cooperative effect

detuning parameter. The minimum <(Ad1)2> is plotted versus n in Fig.and the dtnn aaee.Temnmm<A 1  spotdvru nFg

4 with fixed n for different numbers of atoms in the cavity. It shows that

for a single-atom, there exists a non-zero A which leads to the strongest

squeezing. In cases of more than one atom in the cavity, maximum squeezing

occurs only at A - 0. This means that the cooperative interaction between the

atoms weakens the contribution of the virtual atomic transition to the

squeezing of the cavity field.

IV. Fourth-order squeezing

To study fourth-order squeezing, we have calculated <(Ad1 )
4> as a

function of time for n - 5, 15, 25 and 35, and only the results for n - 5 and

35 are presented here. Since there is no sign of squeezing in the long-time

regime, we plot only the short-time behavior of the evolution.

Figure 5(a) shows no fourth-order squeezing at any time. Furthermore,

the first minimum value of the curve increases with increasing N. This is

very different from the one-atom case, in which the field can be found in the

3fourth-order squeezing state even if n is as small as 0.2. This indicates

that the atomic cooperative effect due to the interaction with the cavity

field tends to increase the fourth-order fluctuation of the field when the

initial field intensity is weak. When the initial field intensity is strong,

as shown in Fig. 5(b) for n - 35, the first squeezing deepens with increasing

N. Thus the atomic cooperative effect will reduce the fourth-order

fluctuation of the field after the interaction is switched on. Therefore, the

atomic cooperative effect on the field squeezing depends strongly upon the



14

initial field strength in the cavity. We also note that for a given n, the

field enters the squeezed state from the initial coherent state at about the

same time, and this time is insensitive to the number of atoms in the cavity.

In order to study the dependence of the squeezing on the initial field

excitation, we plot in Fig. 6 the time evolution of <(Ad) 4> for a given N but

diffcrent n. It is clearly seen from these curves that the first squeezing

becomes shallower as n increases, while the third squeezing deepens with

increasing n. In the case of many atoms in a cavity, it is not possible to

increase the squeezing arbitrarily by increasing the initial field intensity.

By so doing one can only increase the number of times the field becomes

squeezed.

The influence of the variation in the detuning parameter on the fourth-

order squeezing can be changed by the cooperation of atoms in the cavity. In

Fig. 7, we plot the minimum of <(Ad) 4> versus the detuning for various N.

Like the second-order squeezing, we find that the atomic cooperation changes

the dependence of the squeezing on the detuning; that is, the squeezing

reduces with increasing detuning when there is more than one atom in the

cavity. On the other hand, as curve a indicates, the squeezing can be greatly

increased by suitably choosing the detuning in the case of a single atom in

the cavity. It is also noted that similar to the situation in Fig. 3(a) for

the one-atom case, strong fourth-order squeezing occurs in the long-time

regime. This pheneomena disappears totally, however, for N > 2. Finally, it

should be of interest to point out that fourth-order squeezing is not

intrinsic to the system in the present model because it always accompanies

second-order squeezing in this model.



V. Discussion

We have studied higher-order squeezing of the cavity field which is

interacting with N two-level atoms by means of the SU(2) Lie algebra. The

method of approach is similar to what we have applied in our analysis of an M-

12
level atom interacting with cavity fields. Detailed calculations reveal

that the initial field intensity plays a key role in the determination of the

influence of the many-body cooperation on the field squeezing. For strong

initial excitations, the atomic cooperation enhances the squeeJ.i,,. while the

opposite is true when the initial excitation is weak.

6.
In a micromaser, inversely populated atoms are injected one by one into

an optical cavity to create stimulated emission. We suggest that a many-atom

maser may be designed in which a group of active atoms instead of one is

injected into the cavity at one time. If such many-atom micromasers are

realized, it should be much easier to observe the field squeezing with strong

initial excitation. Furthermore, it is known that a micromaser may be

expected to produce low-noise microwave radiation. If the active medium

consists of only one atom. its output power is too small to be useful for any

practical purpose. If, however, the active medium consists of a group of

atoms, or a large number of atoms is allowed to pass the cavity at one time,

the output power of the micromaser will be greatly increased. The

investigation of a many-atom micromaser is being carried out and will be

reported in the future.
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Appendix: Derivation of Eq. (8)

To derive the state vector for an arbitrary number of atoms in the upper

level, we start with the initial state

N

IN,O> = II A+(i)I0> (Al)
i-I

where 10> is the vacuum state defined by

A+(i) I0> = 0

i - 1,2,....,N (A2)
A (i)10> = 0

IN,0> is the highest-weight state from which we can obtain any aibitrary state

specified by the total number of atoms N in the SU(2) space of the full

symmetry representation by applying the lowering operator D repeatedly. Thus

we have, after m applications of the operator D, DD.. .DIN,0> = DmIN,0>.

From the commutators

[N+ ,D] = -D
(A3)

[N,D] = D

we can easily find the recursion formula

N Dm - DmN mDm
+ +

(A4)

N D - DWN + mDm

With Lhe help of the definitions of number operators

N+IN,O> - NIN,O>

(A5)



NIN,O> - 0

it follows from Eqs. (A4) that

NDm IN,O> - (N-m)DmIN,0>

(A6)

NDmIN,O> - mDmIN,0>

This means that there are N-m atoms in the upper level and m atoms in the

lower level in the state DmIN,0>; that is,

DmIN,O> a IN-m,m> , 0 < m < N . (A7)

Equation (A7) represents the set of N+l basis vectors that span the SU(2)

space of full symmetry representation corresponding to states of N atoms.

The normalization constant C can be determined in the following manner.

Since

DtiN,O> - AIA IN,0> = 0 (A8)

we have

C2 _ <O,NI(Dt)DmIN,O>

ND, m - 0
(N-m+l)m<O,NI(Dt 'Dm-lN,0>, m > 1



where we have made use of the commutation relation

[,Ij- N_ - N + . (AlO)

Equation (A9) implies that

C 2 N!.m!/(N-m)! . (All)

Combining (All) with (A7), we obtain

IN-mm> /Nm!DmIN,o> A2

-/N!m!(A2

which is just Eq. (8).
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Figure Captions

I. Time evolution of <(Ad1 ) 2> for different numbers N of atoms (as indicated

by the number next to each curve) and the detuning A - 0. (a) n - 5 (b)

- 35.

2. Time evolution of <(Ad1 ) 2> for various choices of the initial mean photon

number n (as indicated by the number next to each curve). Other

parameters are N - 10 and A - 0.

23. Long-time behavior of <(Ad1 ) > for n - 35 and A - 0. (a) N = I (b) N = 2.

4. Minimum <(Ad1) > versus the detuning for n = 25. (a) N = i, (b) N = 2,

(c) N- 5.

5. Time evolution of <(Ad1 )
4> for different numbers N of atoms (as incidated

by the number next to each curve) and A - 0. (a) n - 5, (b) n - 35.

6. Time evolution of <(Ad)4 > for various choices of the initial mean photon

number n (as indicated by the number next to each curve). Other

parameters are N - 10 and A - 0.

7 Minimum <(Adl) 4> versus detuning for n = 25. (a) N - i, (b) N = 2, (c) NI 
5 .n i m u m

=5.



0.0/

ba)/

2Q2 1

1 5

0.0

0.0 0.5 1.0 1.5



C 1 Q

LOI

N LO

Nd

< V



K.OOF-

0.00

I.07 -

0.75,

K 0.50-

0.25-

(b)
0.00

0.00 10.00 20.00 30.00 40.00
t



C

C

0 00

ulw <, (1 7 )0



(a) TH,,,.

/ 1/
:1 I

/ I * / I
I /

1.0 I ,/ 1(b)
:1 /10\

0.5- I :ICY

.1.\ I.1
0.5/

0.02
0050

0.01'"

0. 0 .5" 10 1.5



Lf)n

< l



0.20

S0.15

0.10-

0.05-
a

0.001 1
0.00 2.00 4.00 6.00 8.00 10.00 12.00



0.. 1113/86/2

TECHNICAL REPORT DISTRIBUTION LIST, GEN

No. No.
Copies Copies

Office of Naval Research 2 Dr. David Young 1
Attn: Code 1113 Code 334
800 N. Quincy Street NORDA
Arlington, Virginia 22217-5000 NSTL, Mississippi 39529

Dr. Bernard Daida 1 Naval Weapons Ceter
Naval Weapons Support Center Attn: Dr. Ron Atkins
Code 50C Chemistry Division
Crane, Indiana 47522-5050 China Lake, California 93555

Scientific Advisor
Naval Civil Engineering Laboratory 1 Commandant of the Marine Corps
Attn: Dr. R. W. Drisko, Code L5 Code RD-i
Port Hueneme, California 93401 Washington, D.C. 20380

U.S. Army Research Office
Defense Technical Information Center 12 Attn: CRD-AA-IP
Building 5, Cneron Sttion high P.O. Box 12211
Alexandria, Virginia 22314 quality Research Triangle Park, NC 27709

Mr. John Boyle
DTNSRDC 1 Materials Branch
Attn: Dr. H. Singerman Naval Ship Engineering Center
Applied Chemistry Division Philadelphia, Pennsylvania 19112
Annapolis, Maryland 21401

Naval Ocean Systems CEnter
Dr. William Tolles 1 Attn: Dr. S. Yamamoto
Superintendent Marine Sciences Division
Chemistry Division, Code 6100 San Diego, California 91232
Naval Research Laboratory
Washington, D.C. 20375-5000 Dr. David L. Nelson

Chemistry Division
Office of Naval Research
800 North Quincy Street
Arlington, Virginia 22217

1 4



[DL/I 113/86/ 2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. J. E. Jensen Dr. C. B. Harris
Hughes Research Laboratory Department of Chemistry
3011 Malibu Canyon Road University of California
Malibu, California 90265 Berkeley, California 94720

Dr. J. H. Weaver
Department of Chemical Engineering Dr. F. Kutzler

and Materials Science Department of Chemistry
University of Minnesota Box 5055
Minneapolis, Minnesota 55455 Tennessee Technological University

Cookesville, Tennessee 38501
Dr. A. Reisman
Microelectronics Center of North Carolina Dr. D. DiLella
Research Triangle Park, North Carolina Chemistry Department

27709 George Washington University
Washington D.C. 20052

Dr. M. Grunze
Laboratory for Surface Science and Dr. R. Reeves

Technology Chemistry Department
University of Maine Renssaeler Polytechnic Institute
Orono, Maine 04469 Troy, New York 12181

Dr. J. Butler Dr. Steven M. George
Naval Research Laboratory Stanford University
Code 6115 Department of Chemistry
Washington D.C. 20375-5000 Stanford, CA 94305

Dr. L. Interante Dr. Mark Johnson
Chemistry Department Yale University
Rensselaer Polytechnic Institute Department of Chemistry
Troy, New York 12181 New Haven, CT 06511-8118

Dr. Irvin Heard Dr. W. Knauer
Chemistry and Physics Department Hughes Research Laboratory
Lincoln University 3011 Malibu Canyon Road
Lincoln University, Pennsylvania 19352 Malibu, California 90265

Dr. K.J. Klaubunde
Department of Chemistry
Kansas State University
Manhattan, Kansas 66506

6



OL /1113/86/ 2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. G. A. Somorjai Dr. R. L. Park
Department of Chemistry Director, Center of Materials
University of California Research
Berkeley, California 94720 University of Maryland

College Park, Maryland 20742

Dr. J. Murc-y
Naval Research Laboratory Dr. W. T. Peria
Code 6170 Electrical Engineering Department
Washington, D.C. 20375-5000 University of Minnesota

Minneapolis, Minnesota 55455

Dr. J. B. HudsT1
Materials Division Dr. Keith H. Johnson
Rensselaer Polytechnic Institute Department of Metallurgy and
Troy, New York 12181 Materials Sci!r'ce

Massachusetts Institute of Technology

Dr. Theodore E. Mcdey Cambridge, Massachusetts 02139
Surface Chemistry ection
Department of Car-erce Dr. S. Sibener
National Bureau of Standards Department of Chemistry
Washington, D.C. 20234 Janes Franck Institute

5640 Ellis Avenue
Dr. J. E. Demuth Chicago, Illinois 60637
IBM Corporation
Thomas J. Watson Research Center Dr. Arnold Green
P.O. Box 218 Quantum Surface Dynamics Branch
Yorktown Heights, New York 10598 Code 3817

Naval Weapons Center

Dr. M. G. Lagally China Lake, California 93555

Department of Metallurgical
and Mining Engineering Dr. A. Wold

University of Wisconsin Department of Chemistry
Madison, Wisconsin 53706 Brown University

Providence, Rhode Island 02912

Dr. R. P. Van Duyne
Chemistry Department Dr. S. L. Bernasek
Northwestern University Department of Chemistry

Evanston, Illinois 60637 Princeton University
Princeton, New Jersey 08544

Dr. J. M. White
Department of Chemistry Dr. W. Kohn
University of Texas Department of Physics
Austin, Texas 78712 University of California, San Diego

La Jolla, California 92037

Dr. D. E. Harrison
Department of Physics
Naval Postgraduate School
Monterey, California 93940

7



L /1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. F. Carter Dr. John T. Yates
Code 6170 Department of Chemistry
Naval Research Laboratory University of Pittsburgh
Washington, D.C. 20375-5000 Pittsburgh, Pennsylvania 15260

Dr. Richard Colton Dr. Richard Greene
Code 6170 Code 5230
Naval Research Laboratory Naval Research Laboratory
Washington, D.C. 20375-5000 Washington, D.C. 20375-5000

Dr. Dan Pierce Dr. L. Kesmodel
National Bureau of Standards Department of Physics
Optical Physics Division Indiana University
Washiraton, D.C. 20234 Bloomington, Indiana 47403

Dr. K. C. Janda
Dr. R. Stanley Williams University of Pittsburg
Deoartment of Chemistry Chemistry Building
University of California Pittsburg, PA 15260
Los Angeles, California 90024

Dr. E. A. Irene
Dr. R. P. Messmer Department of Chemistry
Materials Characterization Lab. University of North Carolina
General Electric Company Chapel Hill, North Carolina 27514
Schenectady, New York 22217

Dr. Adam Heller
Dr. Robert Gomer Bell Laboratories
Department of Chemistry Murray Hill , New Jersey 07974
James Franck Institute
5640 Ellis Avenue Dr. Martin Fleischmann
Chicago, Illinois 60637 Department of Chemistry

University of Southampton
Dr. Ronald Lee Southampton 509 5NH
R301 UNITED KINGDOM
Naval Surface Weapons Center
White Oak Dr. H. Tachikawa
Silver Spring, Maryland 20910 Chemistry Department

Jackson State University
Dr. Paul Schoen Jackson, Mississippi 39217
Code 6190
Naval Resc-arch Laboratory Dr. John W. Wilkins
Washington, D.C. 20375-5000 Cornell University

Laboratory of Atomic and
Solid State Physics

Ithaca, New York 14853

8



OL/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. R. 3. Wallis Dr. J. T. Keiser
Department of Physics Department of Chemistry
University of California University of Richmond
Irvine, California 92664 Richmond, Virginia 23173

Dr. D. Ramaker Dr. R. W. Plummer
Chemistry Department Department of Physics
George Washington University University of Pennsylvania
Washington, D.C. 20052 Philadelphia, Pennsylvania 19104

Dr. j. C. Hc,,.inger Dr. E. Yeager
Chemistry Department Department of Chemistry
University of California Case Western Reserve University
Irvine, California 92717 Cleveland, Ohio 41106

Dr. T. F. George Dr. N. Winograd
Chemistry Departm Department of Chemistry
University ofrchester Pennsylvania Stte University

Poches ew York 14627 University Park, Pennsylvania 16802

r. G. Rubloff Dr. Roald Hoffmann
IBM Department of Chemistry
Thomas J. Watson Research Center Cornell University
P.O. Box 218 Ithaca, New York 14853
Yorktown Heights, New York 10598

Dr. A. Stecki
Dr. Horia Metiu Department of Electrical and
Chemistry Department Systems Engineerina
University of California Rensselaer Polytechnic Institute
Santa Barbara, California 93106 Troy, N eYork 12181

Dr. W. Goddard Dr. G.H. Morrison
Department of Chemistry and Chemical Department of Chemistry

Engineering Cornell University
^alifornia Institute of Technology Ithaca, New York 14853
Pasadena, California 91125

Dr. P. Hansma
Department of Physics
University of California
Santa Barbara, California 93106

Dr. J. Baldeschwieler
Department of Chemistry and

Chemical Engineering
California Institute of Technology
Pasadena, California 91125

9


